ABSTRACT LNG production used in passenger transport systems obtained trough natural gas expansion in city networks is a novel process and it has been demonstrated its small energy consumption. This process has made in two stages: first one consist of a pressure reduction and the second one in a cryogenic liquefaction. This paper is focused in the first stage and in a second paper the author will present the simulation result of LNG production optimization for urban transportation systems. This research has been supported by Colombian Science and Technology National Agency (Colciencias, in Spanish) and the company Terpel. As before mention, in natural gas distribution networks, this fuel is transported at high pressures through long length pipelines between the source and final consumers. In every place of consumption or at passing into a lower pressure pipeline the gas pressure must be reduced. Commonly, high pressure is achieved by using a number of compressors, each one attached to a natural gas combustion turbine, consuming energy, and gas pressure reduction is accomplished in mechanical letdown-valves, where an isenthalpic expansion takes place without any energy production. A few amount of the energy consumed could be recovered taking advantage of the enthalpy drop in delivery sites or in pressure reduction stations by the introduction of expander-generator units for power generation. However, this energy that could be recovered is limited to the pressure ratio and the gas mass flow magnitudes at each site, being both variable parameters depending on seasonal, daily and hourly demand fluctuations. For that reason, the optimization model proposed helps in the selection and location of the expander-generator units to recover the potential energy available and produce clean electricity, minimizing the investment payback period, based on the historical demand and operational restrictions of the Colombian natural gas distribution network.
INTRODUCTION
Expander's application to droop pressure in natural gas supply networks, without affecting the daily operation [1] [2] [3] [4] [5] [6] has a great acceptance between the researches that are focus on power recovery from any available source. Heybatian et al. [1] , evaluated a City Gate Station in Shahrekord city, Iran, with the installation of a expadergenerator a maximum of 1,8 MW could be recovered, with an annual benefit of USD $463.000.oo and a payback period of 3 years. At the turbo-expanders application the energy recovery is proportional to the variable expansion ratio and the gas flow rate through the system however some technical and economical limitations should be considered: (i) the gas composition and thermodynamic state; (ii) the gas will be expanded and cooled (Joule-Thompson effect) and must be preheated to ensure that no liquid or solid phase condenses at the discharge; (iii) higher initial investment and operational costs compared with a standard regulation station. Poživil [2] , simulated an expansion turbine use Aspen HYSYS process simulator software, where a temperature drops of 15-20 °C. In this paper, the possibility of getting condensed phase at the turbine exit is also analyzed for the composition of the Colombian gas supplied from the north region of the country.
Mahbubur [3] , analyzed the potential of using this technology for Bangladesh, founding that the power recovery at individual locations is not very large compared to the conventional thermal power plants, but the sum of all can be substantial. The power obtainable at the wellheads range from 150-500 kW, and that from pressure reduction stations range from 200 kW to 5 MW. Also, it was mentioned that turbo-expanders are usually used in the gas processing plants or in deep-cut straddle plants to recover natural gas liquids (NGL), and for obtaining liquefied natural gas (LNG).
Abdel-Rahim [4] , carried out an exergy analysis of the performance of a single stage radial inflow expansion turbine, as Fig. 1 , compared with other types of turbines. At the same time, other authors [11] [12] evaluate the operation mode of this type of machine. As a conclusion of those papers, it was stated that the single-stage radialinflow expanders are an excellent design for many process and power recovery applications. This is manifested by their simpler design, cheaper cost and less maintenance compared with impulse and multi-stage axial-flow turbines. Also they have higher efficiency values.
Application of turbo-expanders for power generation is gaining more attention due to the recent global trend of extracting energy from every conceivable source, addressing the growing concerns over environment and energy conservation. This technology is implemented in several countries such as the USA, Italy, Germany and Middle East [6] .
In order to assure the reliability of the pressure regulating and reduction stations, the expansion turbines must be installed in parallel to existing conventional pressure reducing valves, as shown in Fig. 2. 
SINGLE-STAGE RADIAL-INFLOW EXPANSION

Pre-heating Requirement
The first step in the process to define the pre-heating requirement is to calculate the hydrate formation temperature, , for the Outlet Pressure, . There are several methods to find . In this paper, we use the gas specific gravity and the Hammerschmidt methods as described by Ameripour [7] . The first one is simple and may be used for an initial estimation of hydrate formation conditions. The second one is an empirical equation that correlates the actual gas pressure, in this particular case, with . Fig. 3 shows a plotted correlation between the variables pressure and temperature for different values of specific gravity, . .
With the Hammerschmidt method,
is a function in terms of as it is shown in Eq. 1.
According with these results, the temperature at the turbine discharge must be above 6.5 °C, but due to the error related with the correlations used, it was decided that the temperature at turbine rotor exit, , should be 10 °C at least.
Fig. 3:
Initial hydrate-formation estimation for natural gases based on gas gravity. Source: Ameripour [7] . Now, having fixed the temperature at rotor exit, , the temperature at turbine stator inlet, , must be set to meet this requirement. Eq. 2 relates the temperatures with the expansion ratio (ER) and the ratio of heat capacities.
From Eq. 2, , is calculated to be in the range from 75 to 85 °C. Assuming a surroundings temperature, , of 30°C, the gas needs to be heated from this point to the value. The heat flux needed to fulfill this process is gived by Eq. 3.
Single-Stage Radial-Inflow Expansion Turbines Design Scenarios
A procedure introduced by Mathis [9] was followed in order to find the geometrical parameters that describe the general design of a radial inflow turbine. Six different representative scenarios were fixed with the objective of designing one turbine for each and then evaluate its performance according the Colombian distribution network restrictions and derivation points.
The procedure steps are listed below. 1) Determine available energy (isentropic enthalpy drop). 2) Guesstimate overall efficiency to calculate Power. Overall Efficiency fixed to be 0.85. 3) Calculate vector diagram based on optimum parameters. 4) Select specific speed based on Fig. 4 . 5) Determine overall geometry. 6) Determine overall efficiency when equipped with a diffuser.
The process is iterative, since the efficiency determined in step 6 is used to improve the efficiency guess made in step 2. The process is repeated until the efficiencies from steps 2 and 6 agree. 
The six different design scenarios were defined according with the demand fluctuation over notable points of flux derivation and/or pressure reduction stations in the north of Colombia.
Based in Table 1 , the geometrical parameters and the rotational speed of each turbo-expander are listed in Table  2 and 3. The design process was fixed to agree with a total to static efficiency, , of 0,85 . In Table 2 the design results for low flow rates and high expansion ratios are shown. As it can be seen, the rotor tip radius is less than 60 mm and the blade height less than 5 mm for all the scenarios, this condition makes the manufacturing very difficult and expensive. Also, due to material restrictions, the trailing edge blade thickness should not be lower than 0.381 mm, comparing it with the blade high of 2,1 mm (Scenario 1), it represents a great proportion of it (19%), higher than the 10% recommended [9] . On the other hand, the rotational speed is too high, according to Bloch et al. [5] , this parameter should be lower than 60.000rpm, to avoid sealing problems and high friction looses in bearings and mechanical seals, Fig. 5 .
For the reasons listed above, these designs were dismissed.
Scenarios 4 to 6, Table 3 , agree with the general restrictions mentioned by the authors in the literature review. Hence, these designs were able to be evaluated. 
EVALUATION PROCESS FOR SINGLE-STAGE RADIAL-INFLOW EXPANSION TURBINES
Once carried out the design of turbo expander under the specified conditions, it requires finding the value in terms of money generated from the installation of a machine at a specific point. In order to do this were taken a range of flows for one day of consumption considering the peaks generated in the domestic network, because it is in that network which are generated the most representative pressure changes. Once the data was taken from the demand for 24-hour it was calculated the flow at the rotor exit, since it is necessary to calculate the specific speed. It is presented below (Fig. 6 ) a case of study of one turbo expander with the data necessary for all the calculation. 
Where:
For every point evaluated, is variable with the consumption demand, remain constant for each turboexpande depends on the expansion ratio or pressure reduction needed in each point. Hence, is variable and is directly related with the total to static efficiency, , of the entire process as can be seen in Fig.4 . Eq. 5 is a regression model that correlates and . r and A statistical analysis for the regression model should be carried in order to find and evaluate the fit with parameter R 2 , which had a value of 0.9963; therefore the model describes accurately the provided data. However a statistical analysis should be applied to determine the significance of the model and each and every coefficient found it, which are shown below (Table 4) : Each coefficient will be significant only if the P-value is less than the significance level used, which for this case had the value of . It is observed that all the coefficients are significant, which means that the model is suitable. In the other hand the significance of the model itself should be assed; this assessment is shown in the table 5, below: It must be verified that the residual vs. Ns have no appreciable behavior pattern, i.e., they must be pure noise; which is observed in Fig. 7 .
No evident structure is appreciated, meaning that there are no missing terms in the regression equation, concluding that the regression model has a good fitting and capacity of predicting efficiency with new data. Once the efficiency parameter has been determined, estimations on power and energy are allowed.
According to the stated above, now it is presented a figure with the resultant data for the turbo expander case of the study in terms of power and earnings. 
CONCLUSION
This paper proposes a method to analyze and evaluate the implementation of a turbo expander for any location given the specific and necessary conditions for the application of the model. The procedure starts with the design of the geometrical characteristic taking into account the conditions of the working fluid, i.e., natural gas. After sizing the machine and acquire all the necessary data, the following task is to take a case of study, which is, in this occasion, a 24-hour demand data for a domestic network from Barranquilla city, Colombia, and one of the several turbo expanders is designed; with that, it is expected to calculate the specific speed and consequently find the efficiency for any point, in order to identify the power generation and its cost. The proposed model for the case of study shows that for a designed turbo expander under knowing conditions, there are actual earnings of USD $1965.7 per day of generation. It is important to acknowledge that for this procedure it becomes necessary to implement a pre-heating process in order to avoid the hydrated formation at turbine outlet conditions. The preheating system needs certain amount of NG to be burned and obtain the energy to raise its temperature, but mostly all of this energy is recovered in the expansion process. Fig. 10 , shows the historical data for the average price per kWh generated and delivered to the Colombian national electric network. According with the raising trend of it, projects like this may be considered as an affordable option to generate incomes to NG suppliers, taking advantage of the pressure drops needed all over the distribution network.
Due to technical restrictions, it was not possible to obtain an expander-generator design that could be installed in locations where the flow is lower than 100 mmscfd.
